To investigate protein translocation in eukaryotes, we reconstituted a protein translocation system using the permeabilized spheroplasts (P-cells) of the fission yeast Schizosaccharomyces pomhe. The precursor of a sex pheromone of Saccharomyces cerevisiae, prepro-iX-factor, was translocated across the endoplasmic reticulum (ER) of S. pomhe posttranslationally, and glycosylated to the same extent as in the ER of S. cerevisiae. This suggested that the size of N-linked core-oligosaccharide in the ER of S. pomhe is similar to that in S. cerevisiae. This translocation into the ER of S. pomhe was inhibited by puromycin, but the translocation in the P-cells of S. cerevisiae was not inhibited. This difference in sensitivity to puromycin was due to the membrane but not the cytosolic fraction. Our results suggested that the translocation machinery of S. pomhe was sensitive to puromycin and different from that of S. cerevisiae.
The fission yeast S. pombe is now one of the most attractive eukaryotic organisms, because it has more common properties with mammalian cells than S. cerevisiae does. For example, S. pombe has a distinct G2 phase in its cell cycle, the cell divides by medial fission, the genes have introns, and the centromeric DNA are large and complex. 1 ,2) In the aspects of protein secretion, S. pombe has morphologically detectable Golgi stacks,3) and secretory proteins are modified not only with mannose but also with galactose. 4 ,5) It is interesting to compare S. pombe and S. cerevisiae for the study of protein secretion as well as cell cycle and sexual differentiation, to understand generally conserved mechanisms in eukaryotes.
The mechanisms of protein secretion in S. cerevisiae have been well studied both genetically and biochemically, but not so in S. pombe yet. Secretory N-glycoproteins of S. cerevisiae are glycosylated with core-oligosaccharides in the ER and then with outer carbohydrates during transport through the Golgi apparatus. 6 ) The molecular weight of prepro-a-factor (21 kD) was converted to about 30 kD (the ER-form) in the ER and then to heterogeneous higher molecular weights (the Golgi-form) in the Golgi apparatus. 7) In vitro protein translocation and transport systems have been reported in S. cerevisiae using preproa-factor and microsomes 8 -10) or permeabilized spheroplasts. l l ,12) These in vitro systems derived from S. cerevisiae are uncoupled from translation of precursor protein, require ATP, and have been considered not to require signal recognition particles (SRP) because of its resistance to RNase treatment. 13) These properties are different from co-translational and SRP-dependent cellfree translocation systems with mammalian microsomal membranes. 14) There are also several reports that fully synthesized proteins translocated across mammalian microsomal membranes in the presence of cycloheximide. 8 ,15,16) Garcia and Walter 16 ) reported that full length prepro-a-factor could be translocated into mammalian microsomes only when they had ribosomes on their end after the completion of elongation, and this translocation required SRP. They found that prepro-a-factor lost its ability to translocate after puromycin treatment, which should cause release of nascent peptides from ribosomes. They asserted that this translocation is a ribosome-coupled translocation, and although it was independent of elongation, it was not completely posttranslational.
S. pombe produces an acid phosphatase 17 ) and an invertase 4 ,5) as intrinsic secretory N-glycoproteins. The molecular weights of secretory proteins increase by glycosylation in S. pombe as well as in S. cerevisiae except that the molecular weights of added glycosyl chains are larger and also the glycosyl chains contain galactose. The S. pombe acid phosphatase (PHD}) could be expressed in S. cerevisiae, but its secretion was abnormal because it remained in the cytoplasm. 18 ) On the other hand, the S. cerevisiae invertase (SUC2) was expressed in S. pombe, and also glycosylated and secreted into the cell wall matrix. However, its glycosyl chain neither was as the intrinsic invertase nor contained galactose residues, and resembled the invertase in S. cerevisiae. 19 ) They indicated that the two yeasts have different structural information on proteins or controlling mechanisms for regulating proteins through the secretory pathway.
We are interested in seeing if the prepro-a-factor of S. cerevisiae is translocated and glycosylated in S. pombe, and searching for differences between the two yeasts or similarities between S. pombe and mammalian cells. In this paper we report an in vitro protein translocation system of S. pombe and its sensitivity to puromycin.
Materials and Methods
Preparation of 35 S-Met-Labeled prepro-rx-factor. The plasmid pGEM2-rx36 coding for prepro-rx-factor was obtained from J. Rothblatt 9 ) and transcribed by SP6 RNA polymerase as described by Melton et al. 20 ) Translation was done as described by Tuite et a[.21) with the lysate of S. pombe JY333 (h-, ade6-M2l6, leu]) obtained from M. Yamamoto (University of Tokyo), or of S. cerevisiae ABYS66 (a, pral, prb2, prc1, cpsl, ade) obtained from D. Wolf (Biochemisches Institut der UniversWit Freiburg). Translation products were desalted by gel filtration on a Sephadex G-25 column equilibrated with reaction buffer (20 mM HEPES, pH 6.8, l50mM K acetate, 250mM sorbitol, 5mM Mg acetate). Peak fractions were mixed and concentrated by Centricon 30 (Amicon) to 1/10 volume and stored at -80°e.
Preparation of P-ce/ls and cytosol. Cells were treated as described by Baker et al. 11) with minor modifications. Cells were harvested when they grew to 1-2 OD 600 • Spheroplasts were prepared by incubation with 0.1 mg/ml Zymolyase100,000 (Seikagaku Kogyo Co.), and 0.1 mg/ml Novozym 234 (Novo Industries) was added only for S. pombe. After regeneration and washing, spheroplasts were resuspended in lysis buffer,!l) and 300-jll samples were transferred into Eppendorf tubes and frozen in the vapor above liquid N 2 .
In vitro protein translocation reaction. The reaction was done as described by Baker et al. 11) Each reaction contained 60 jll of P-cells, 2 jll of prepro-ct-factor, 150 jlg of additional cytosol of S. pombe or S. cerevisiae, 50 jlM GDP-mannose, 50 jlM UDP-galactose, 1mM ATP, 40 jlM creatine phosphate, 200 jlg/ml creatine kinase and reaction buffer to bring the volume to 50 jll. Incubation for 45-90 min at 25°C was stopped by addition of 10 jll of sample buffer 22 ) or 50 jll of 2% SDS if followed by immunoprecipitation or by ConA-precipitation, and heated for 5 min at 95°e.
Analysis of the reaction products. The reaction products were analyzed by electrophoresis on 11.25% SDS-polyacrylamide gel,22) For immunoprecipitation or ConA-precipitation, samples were diluted with 800 jll of IP buffer (l50mM NaCI, 1% Triton X-lOO, 0.1 % SDS, 15 mM Tris-HCl, pH 7.5), mixed with 10 jll of anti-prepro-ct-factor rabbit serum and 30 jll of 20% (v/v) suspension of proteinA-Sepharose, or 30 jll of 20% (v/v) suspension ofConA-Sepharose (Pharmacia), and rotated overnight at 4°C. Then, Sepharose beads were washed as described l l ) and heated at 95°C in sample buffer. Radioactivity was detected by autoradiography or by an imaging plate system using Bio-image Analyzer BAS 2000 (Fuji Photofilm Co., Ltd.). The values of PSL (photo-stimulated luminescence) calculated by Bio-image Analyzer correspond to the values of densitometer scanning of the films with increased sensitivity and accuracy.
Preparation of anti-prepro-ct-factor serum. Anti-prepro-ct-factor serum was raised in rabbit against pgal-prepro-ct-factor fusion protein coded on the plasmid pEX-ct6 obtained from J. Rothblatt. This antiserum cross-reacts with synthetic ct-factor peptide (Sigma).
Results
Translocation of prepro-a-factor in the P-cells of s. pombe with the cytosolic factor of s. cerevisiae .
To study the mechanisms of protein secretion, we constructed in vitro system derived from S. pombe. Permeabilized spheroplasts, hereafter called P-cells, which have unbroken internal organelles but porous plasma membranes, were prepared by freezing and thawing of spheroplasts. They were successfully used in an in vitro translocation and transport system of S. cerevisiae. 1 1) First, the prepro-a-factor synthesized in vitro with the cytosol fraction of S. cerevisiae was incubated with the P-cells of S. pombe and additional cytosol of S. cerevisiae.
As shown in Fig. 1 , about 5-10% of the prepro-a-factor was converted to a 30-kD protein in the presence of the P-cell of S. pombe, coincident with the molecular weight of the ER-form (lane 2). This protein was resistant to trypsin in the absence of detergent, but sensitive in its presence (lanes 3 and 4). The precursor itself was sensitive to trypsin in both cases (lanes 3 and 4). A 50-kD protein (marked with *) is a product of endogeneous mRNA in the cytosol (data not shown). Most of this 50-kD protein was resistant to trypsin, but a part of it was partially digested to a trypsin-resistant peptide (marked with ** in lanes 3 and 4). Prepro-a-factor is glycosylated at 3 sites on the polypeptide upon translocation into the ER of S. cerevisiae. 7 ) To confirm that the increase in the molecular weight was due to glycosylation, the reaction products were treated with endoglycosidase H (Endo H) after they were solubilized by boiling with 0.5% SDS. Endo H converted the 30-kD protein to a form with the same mobility as the precursor (Fig. 1, lane 5 ). Concanavalin A (ConA) is a lectin that binds to mannose-containing oligosaccharides. Only the trypsin-resistant 30-kD protein bound to ConA-Sepharose (lanes 7, 8), and nothing bound to that after treatment with trypsin and Triton X-100 (lane 9) or with Endo H (lane 10). The two trypsin-resistant peptides (* and**) did not bind to ConA (lane 9). These results confirmed that the 30-kD protein is the ER-form of pro-a-factor which have received core-oligosaccharides of the same size as in S. cerevisiae and that the prepro-afactor was translocated across the ER membrane posttranslationally in the P-cells of S. pombe in the presence of cytosolic factors of S. cerevisiae.
Translocation of prepro-a-factor with the P-cell and cytosol of s. pombe
It has been known that posttranslational translocation of prepro-a-factor in the ER of S. cerevisiae required HSP70 and some unknown cytosolic factors. 13 ,23) To investigate corresponding factors are present in S. pombe, all the cytosolic fractions for in vitro protein synthesis and translocation reaction were prepared from S. pombe. In this homologous S. pombe system, prepro-a-factor was. converted to a 30-kD ER-form of pro-a-factor. This reaction occurred in the presence of 5 mM cycloheximide (CHX), but not in the absence of ATP (Fig. 2) . The 30-kD protein was also proved to be resistant to trypsin even after 30 min of treatment, but sensitive in the presence of 1% Triton X-IOO (Fig. 3) .
These results showed that prepro-a-factor was posttranslationally translocated into the ER in the P-ce1ls of S. pombe, and the cytosolic factors required for translocation were present in S. pombe.
Course and temperature dependency of translocation
The optimal reaction time and temperature were investigated. The amount of the ER-form increased during 40 min of incubation and then apparently plateaued (Fig.  4a ). Efficient translocation was achieved at temperatures between l5°e and 30 0 e (Fig. 4b) . We chose 40 min and 25°e as the optimal reaction time and temperature, respectively.
Effects of RNase on the in vitro translocation of preproa-factor
Post-translational in vitro translocation of prepro-afactor required some unknown cytosolic factors in addition to HSP70 in S. cerevisiae. 13 ,23) These factors were considered to be different from SRP (signal recognition Fig. 3 . Protease Resistance of the Translocated Pro-a-factor (ER form).
After the in vitro translocation reaction with the P-cells and the cytosol of S. pombe, samples were treated with 400,ug/ml trypsin in the absence or the presence of 1% Triton X-100 for from 2.5 min to 30 min. The reaction was stopped by the addition of 800/lg/ml soybean trypsin inhibitor on ice and then boiled with 1% SDS for 5min. Samples were immunoprecipitated and analyzed as described in Materials and Methods. RNase was added to the reaction mixture before addition of prepro-a-factor to the final concentration of 1mg/ml and incubated at 20°C, for 15 min. Prepro-a-factor (78000 PSL) was added and translocation was started at 25°C and continued for 40 min. The counts of PSL of the translocated pro-a-factor were indicated. Each reaction mixture contained prepro-IX-factor and P-celIs and the cytosol of S. pombe. The reaction was done as described in Materials and Methods at 25°C for indicated time. Apyrase (5 units) instead of ATP was added to the reactions indicated as no ATP. Cycloheximide (CHX) was added at a final concentration of 2 mM. EndoH treatment was described in the text and the Fig. I legend. After the reaction and treatment, samples were immunoprecipitated by anti-prepro-IX-factor serum (lanes 1-5), or ConA precipitated (lanes 6-10). Min.
20
Temp ("C) The amounts of the ER-form of pro-lX-factor formed in the reaction with P-ceIls of S. pombe for indicated time at 25°C (a), or at indicated temperatures for 45 min (b), were calculated by a Bio-image Analyzer as described in Materials and Methods. Relative efficiency means the percentage of the ER-form accumulated at the indicated point to the maximal amount of the ER-form in the same experiment.
particle) of mammalian cells because of its resistance to RNase treatment, 13) Taking note that Schizosaccharomyces is not closely related to S. cerevisiae and is more related to vertebrates than S. cerevisiae in certain features, 1, 24) we examined if the translocation activity of S .. pombe is sensitive to RNase, that is, if some SRP-like molecules are required in this in vitro system of S. pombe. As shown in Table I ,both translocation reactions with S. pombe cytosol or with S. cerevisiae cytosol are resistant to I mg/ml RNase treatment. These facts indicated that the cytosolic factors essential for translocation in S. pombe were unlike SRP as well as in S. cerevisiae.
The effects of puromycin on translocation system of S. pombe When puromycin was used instead of CHX to eliminate translation activity within the reaction mixture for translocation, we found that puromycin inhibited translocation of prepro-a-factor in S. pombe. We compared effects of puromycin on in vitro translocation by S. pombe and by S. cerevisiae. Prepro-a-factor and a mixture of P-cells and the cytosol were treated with CHX or puromycin separately to eliminate translation activity, and then mixed to start a translocation reaction. As shown in Fig. 5 , puromycin did not inhibit translocation in S. cerevisiae, while it did in S. pombe. CHX did not inhibit translocation in both yeasts. To examine whether this difference of sensitivity to puromycin was due to the membrane fraction or cytosolic fraction, we examined combinations of P-cells and cytosolic fractions containing prepro-a-factor between the two yeasts. When prepro-a-factor translated in the lysate of S. pombe was incubated with the P-cells of S. pombe or S. cerevisiae, strong inhibition by puromycin was observed only with the S. pdmbe P-cells ( Fig. 6) . A similar result was obtained when prepro-a-factor translated with the lysate of S. cerevisiae was used (data not shown). These results indicated that the sensitivity to puromycin was due to the P-cells of S. pombe.
Puromycin is well-known as an inhibitor of protein synthesis, releasing nascent peptide chains from ribosomes. Prepro-IX-factor and a mixture of the P-cells and the cytosol were treated separately with CHX or puromycin at the indicated concentration for 10 min at 26°C, and then mixed to start translocation reaction. The reaction was done, and products were immunoprecipitated and analyzed as described in Materials and Methods. (a), S. pombe homologous system; (b), S. cerevisiae homologous system. After puromycin treatment, nascent prepro-a-factor peptide was free from ribosomes. We examined next if binding of prepro-a-factor with ribosomes is required for its translocation into the ER of S. pombe. First, prepro-afactor was incubated with puromycin and then purified by gel filtration with Sephadex G-25. This prepro-a-factor preparation was tested to see if it could be translocated into the ER in the P-cell of S. pombe. Translocation occurred with this puromycin-treated prepro-a-factor, though the efficiency was decreased to half of a mocktreated preparation (Fig. 7) . Second, we separated preproa-factor translation products into a ribosomal pellet fraction (R-pellet) and a postribosomal supernatant (sup) (Fig. 8 ). Translocation was observed in incubation of P-cells with either prepro-a-factor fractions in S. pombe system as well as in S. cerevisiae. Here also, translocation in P-cells of S. pombe was inhibited in the presence of puromycin. These results indicated that prepro-a-factor free from ribosomes could be translocated into the ER in Prepro-IX-factor translated in the lysate of S. pombe was incubated with P-cells of S. pombe (lanes 1-5) or S. cerevisiae (lanes 6-8). Treatment with antibiotics and reactions were done as described in Fig. 5 . Fig. 7 . The effects of Puromycin on the Availability of Precursor Protein for Translocation.
Prepro-IX-factor translated in the lysate of S. pombe was mock-treated (lanes 1-4) or treated with puromycin (lanes 5-8) and then purified by gel-filtration with Sephadex G-25, They were incubated with mock-treated or puromycin-treated P-cel1s and cytosol of S. pombe (p) or S. cerevisiae (c) was added. The reaction and immunoprecipitation done out as described in Fig. 5 . the P-cells of both S. pombe and S. cerevisiae.
The results described above suggest that the targets of inhibition of translocation by puromycin exist in the membrane fraction. We checked if the inhibition was irreversible. A membrane fraction was treated with puromycin and washed three times before mixing with cytosol and prepro-a-factor for the reaction of translocation. The treated membrane had 50-70% of the activity of mock treated membrane for translocation (data not shown). This suggested that the effects of puromycin were reversible and puromycin did not bind to the membrane very tightly.
Discussion
In this report in vitro prepro-a-factor translocation was done by the cell constituents of S. pombe. This translocation progressed post-translationally and was dependent on ATP and resistant to RNase. There are examples showing some differences of signals or promoting machineries for protein secretion between S. pombe and S. cerevisiae. 18 ,19) Our results indicated that the signal sequence of prepro-afactor of S. cerevisiae is accessible in S. pombe and modification with core-oligosaccharides is similar between the two yeasts, and S. pombe has at least the minimum necessities for prepro-a-factor translocation in vitro.
Both yeasts, S. pombe and S. cerevisiae, have homologues of the 54kD subunit 25 ) and 7SLRNA of SRP. 26 ,27) The S. pombe homologue of SRP54 was shown to be associated with the 7SLRNA homologue in vivo. 28 ) The S. cerevisiae homologue of SRP54 is involved in preproa-factor translocation, because the limitation of this homologue caused accumulation of untranslocated preproa-factor in ViVO. 29 ,30) However there seem to be some mechanisms to bypass the SRP function in yeast. 30) Our present data and those report by Waters et al. 13 ) show that RNase-resistant translocation works efficiently in posttranslational in vitro systems. These data suggested that SRP-independent translocation is promoted in the yeast in vitro systems. To discover the exact function of yeast SRP, it is important to purify yeast SRP and investigate its biochemical roles compared with the mammalian SRP.
We found puromycin specifically inhibited translocation in the S. pombe P-cell system. The S. cerevisiae P-cell system is resistant to the antibiotic. The well-known inhibitory action of puromycin is on peptide elongation in protein synthesis. Puromycin acts as an analog of aminoacyl-tRNA, accepts peptide from peptidyl-tRNA on ribosome, and liberates the nascent peptide as peptidylpuromycin. Previously reported inhibition of translocation in mammlian system by puromycin was attributed to this peptide-releasing action of puromycin. 16) They showed that some prepro-a-factor molecules were bound to ribosomes even though the elongation is completed and only these molecules can be translocated across the ER membrane. It is not clear how the completed polypeptides were bound to ribosomes and how puromycin could release them. We examined whether it is the case in the S. jJombe system. Prepro-a-factor was treated with puromycin or it was centrifugally separated from ribosomes and used in the translocation assay. These polypeptides free from ribosomes could translocate in the ER of the S. pombe P-cell in the absence of puromycin ( Figs. 7 and 8 ). Thus the inhibition of translocation by puromycin is not mediated by the release of polypeptide from ribosomes in S. pombe.
When the cytosol fraction of S. cerevisiae was used instead of that of S. pombe, puromycin also inhibited translocation in the S. pombe P-cell. A translocation with the combination of the S. cerevisiae P-cells and the S. pombe cytosol was not inhibited by puromycin. So the S. pombe membranes seemed to be the target of puromycin action. The ER membranes of S. pombe were not destroyed by puromycin, because the translocated pro-a-factor in the ER was 'not digested by trypsin after incubation with puromycin (data not shown). The core-glycosyltransferase of S. pombe P-cells seems not to be inhibited by puromycin. Prepro-a-factor has three glycosylation sites and limitation of glycosylation results in appearance of a ladder of glycosylated pro-a-factors in SDS-PAGE representing one-or two-core-glycosylated species. In the S. pombe P-cell system, puromycin did not cause such ladders even at semi-inhibitory concentrations. It is suggested that puromycin interferes with the translocation machinery on the ER membrane of S. pombe.
The components of the translocation machinery in the ER of S. cerevisiae were recently identified by genetic approaches. Sec62, Sec63, gp31.5, and p23 proteins form a complex and may interact with Sec61 protein as shown by crosslinking experiments. 31 ) Crosslinking of translocating polypeptide and Sec61 is direct evidence of the participation of these proteins in translocation. 32 ,33) On the other hand, information on such components of S. pombe is completely lacking. Though there seems to be a common mechanism of translocation among yeasts and mammals, some components of S. cerevisiae and S. pombe should be different in their sensitivity to puromycin. Binding or crosslinking of radiolabelled puromycin should shed light in this point. If secretory mutants of S. pombe are isolated, more details about protein secretion in S. pombe can be investigated in the P-cell system used in this paper.
